Introduction {#s0001}
============

NK cells play an important role in the elimination of cells that have undergone malignant transformation.^[@cit0001]^ NK cell functions are mediated in part through direct lysis of target cells.^[@cit0004]^ In addition, NK cells are an important source of immunoregulatory cytokines such as IFNγ, tumor necrosis factor-α (TNF-α) and granulocyte macrophage colony-stimulating factor (GM-CSF). These cytokines modulate responses of other immune cells and contribute to the overall effectiveness of the immune response. Despite the ability of NK cells to inhibit tumor cell growth, it is also evident that malignant cells can evade innate immune surveillance; however, the molecular basis for tumor cell resistance to NK cell-mediated lysis is not completely understood.^[@cit0006]^

To identify novel pathways that modulate tumor cell susceptibility to NK-mediated lysis, we previously screened a large lentiviral shRNA library to identify genes in tumor cells that promote NK resistance. Using this approach, we found that silencing JAK1 or JAK2 in various tumor targets resulted in significantly increased susceptibility to NK cell lysis. This effect was not noted when other members of the JAK family, JAK3 and TYK2, were silenced.^[@cit0007]^ *JAK* genes encode a family of non-receptor tyrosine kinases that are constitutively associated with a variety of cytokine receptors including type I and II interferons, GM-CSF, G-CSF and IL-6. After cytokine binding to these receptors, JAKs undergo tyrosine phosphorylation and initiate the phosphorylation of STAT proteins, which translocate to the nucleus and initiate gene transcription.^[@cit0008]^ JAK phosphorylation has also been shown to activate other important pathways such as PI3K, RAS, AKT and MAPK. JAK proteins thus play a pivotal role in many cellular functions such as cell growth, differentiation and survival, and activating mutations of these kinases have been associated with malignant transformation.^[@cit0008]^

Since *JAK* gene silencing had not previously been associated with tumor cell susceptibility to immune attack, we undertook a series of experiments to understand the mechanisms whereby JAK1 and JAK2 modulate tumor susceptibility to NK cells. Because JAK1 and JAK2 signal through the IFNγ receptor, we focused on the potential role of IFNγ  when NK cells interact with tumor cell targets. These studies demonstrate that IFNγ triggers tumor cell resistance to NK cells and this resistance is mediated through increased expression of PD-L1 by tumor cells. PD-L1 expression inhibits NK cell activity, representing a novel mechanism whereby tumor cells can rapidly acquire resistance to both innate and adaptive immune responses.

Results {#s0002}
=======

Effects of JAK1/JAK2 silencing or inhibition on basal activation of JAK signaling pathways in tumor cell lines and primary tumor cells {#s0002-0001}
--------------------------------------------------------------------------------------------------------------------------------------

To understand the role of JAK1 and JAK2 in modulating susceptibility of tumor cells to NK cells, we first characterized the basal activation of JAK signaling pathways in tumor cell lines. JAK kinases are associated with cytokine receptors and ligand binding of these receptors rapidly induces JAK phosphorylation, which in turn activates STAT transcription factors.^[@cit0011]^ JAK kinases have also been reported to activate other kinases such as PI3K/AKT and ERK.^[@cit0012]^ Using antibodies specific for phosphorylated proteins, we examined the activation status of STAT1~(pY701)~, STAT1~(pS727)~, STAT3~(pY705)~, STAT3~(pS727)~, STAT4~(pY693)~, STAT5~(pY694)~, STAT6~(pY641)~, AKT~(pS473)~ and ERK1/2~(pT202/pY204)~ in the following cell lines; KM12BM, IM-9, K562, U266, U937, RPMI8226 and MM1S. As shown in representative examples in **[Figure 1](#f0001){ref-type="fig"}** and **Supplemental Figure 1A**, STAT1~(pY701)~, STAT1~(pS727)~, STAT3~(pY705)~, STAT4~(pY693)~ and STAT6~(pY641)~ showed no evidence of basal activation when compared to IgG CTRL staining controls. In contrast, STAT3~(pS727)~ was phosphorylated in all cell lines while phosphorylation of STAT5~(pY694)~, AKT~(pS473)~ and ERK1/2~(pT202/pY204)~ was detected at different levels depending on the tumor cell line analyzed. We then tested primary samples from patients with multiple myeloma (MM), acute myeloid leukemia (AML) and acute lymphoid leukemia (ALL). Primary cells exhibited similar results with constitutive phosphorylation of STAT3~(pS727)~, variable levels of phosphorylation of STAT5~(pY694)~, AKT~(pS473)~ and ERK1/2~(pT202/pY204)~ and little evidence of activation of other STAT proteins (**[Fig. 1](#f0001){ref-type="fig"}**). Figure 1.Baseline phosphorylation of STAT proteins, AKT and ERK in hematopoietic tumor cell lines and primary tumor cells. Representative examples of hematopoietic tumor cell lines or primary tumor cells analyzed for expression of several pSTAT proteins, pAKT and pERK at their basal level and after pre-treatment with a JAK inhibitor. Bar graphs indicate mean fluorescence intensity (MFI) expression determined by flow cytometry.

Our previous studies showed that silencing JAK1 or JAK2 resulted in increased tumor susceptibility to NK-mediated lysis.^[@cit0007]^ To determine whether JAK inhibition affected the constitutive phosphorylation of STAT3~(pS727)~, STAT5~(pY694)~, ERK1/2~(pT202/pY204)~ and AKT~(pS473)~, we examined various tumor cell lines and primary tumor cells after *in vitro* treatment with 40 nM JAK inhibitor 1. This concentration can also inhibit other members of the JAK family but was chosen based on our previous experience of tumor pre-treatment with different concentration and subsequent co-culture with NK cells. Results summarized in **[Figure 1](#f0001){ref-type="fig"}** show that the phosphorylation of these signaling molecules was not altered by JAK inhibitor treatment in any cell line or primary tumor cells tested. Similar results were obtained when different tumor cell lines were transduced with specific shRNAs to silence *JAK1* or *JAK2* gene expression (**Fig. S1A**). A representative example (**Fig. S1B**) shows that the constitutive activation of STAT3~(pS727)~, STAT5~(pY694)~, ERK1/2~(pT202/pY204)~ and AKT~(pS473)~ in KM12BM cells was not affected by JAK1 or JAK2 silencing.

Impact of NK cell: tumor cell interaction on JAK1 and JAK2 signaling {#s0002-0002}
--------------------------------------------------------------------

JAK1 and JAK2 are associated with the IFNγ receptor^[@cit0014]^ and NK cells are known to secrete IFNγ and other cytokines after activation by target cells.^[@cit0015]^ We therefore hypothesized that JAK1 and JAK2 were specifically activated by cytokines released when NK effector cells became engaged with tumor cell targets. To test this hypothesis, tumor cells were stimulated with supernatant from NK cells and examined for evidence of STAT, AKT and ERK activation. As shown in **[Figure 2](#f0002){ref-type="fig"}**, incubation with NK supernatant induced the selective phosphorylation of STAT1~(pY701)~ in all of the tumor cell lines and primary cells tested. Activation of STAT1~(pY701)~ did not occur when cells were treated with a JAK inhibitor (**[Fig. 2](#f0002){ref-type="fig"}**) or when either JAK1 or JAK2 were silenced with specific shRNAs (**Fig. S2**). NK supernatant did not affect phosphorylation of any of the other STATs, AKT or ERK in these cells. In data not shown, similar results were obtained when the same experiments were repeated using recombinant IFNγ instead of NK supernatant. Figure 2.STAT1~(pY701)~activation after treatment with activated NK supernatant. Different hematopoietic tumor lines and primary tumor cells were treated with activated NK supernatant from primary NK cells stimulated with tumor cells and subsequently analyzed for expression of pSTATs, pAKT and pERK by flow cytometry. Levels of phosphorylation were measured before and after treatment with NK supernatant in cells pre-treated with 40 nm JAK inhibitor1. Bar graphs indicate mean fluorescence intensity (MFI) expression determined by flow cytometry.

STAT1-KO tumor cells are more susceptible to NK cell activity {#s0002-0003}
-------------------------------------------------------------

To further examine the involvement of STAT1 in modulating susceptibility to NK cell activity, we transduced three different tumor cell lines with two independent STAT1-shRNAs (STAT1-1 and STAT1-2) and two irrelevant controls (shCTRL-1 and shCTRL-2). The target sequences of the specific shRNAs and controls are detailed in **Supplemental Table 1**. Each cell line was examined for total STAT1 protein expression by flow cytometry (**[Fig. 3A](#f0003){ref-type="fig"}**) and western blot (**[Fig. 3B](#f0003){ref-type="fig"}**). STAT1-KO target cells were then tested for susceptibility to human purified CD3^−^CD56^+^ NK cells pre-stimulated with 100 Units IL-2. As functional markers of NK cell activity, we measured secretion of IFNγ (**[Fig. 3C](#f0003){ref-type="fig"}**), the level of CD107a/b degranulation^[@cit0017]^ (**[Fig. 3D](#f0003){ref-type="fig"}**) and NK-cell-induced apoptosis using AnnexinV/7AAD (**[Fig. 3E](#f0003){ref-type="fig"}**). Reduced expression of STAT1 in all three cell lines with both shRNAs significantly increased IFNγ secretion by purified NK cells from different healthy donors when tested against KM12BM-STAT1-KO (*p* = 0.034 and 0.014). When tested against STAT1-1-shRNA and STAT1-2-shRNA in K562 and IM9, IFNγ secretion from primary NK cells increased by 28.6%, 25.7% and 58.8%, 73.1%, respectively, but this increase was not statistically significant (**[Fig. 3C](#f0003){ref-type="fig"}**). Using CD107a/b degranulation as a measure of NK cell activation, STAT1 knockdown in each tumor cell line was found to significantly increase degranulation in purified NK cells from different donors (**[Fig. 3D](#f0003){ref-type="fig"}**). As shown in **[Figure 3E](#f0003){ref-type="fig"}**, STAT1-KO target cells were also more susceptible to NK-induced apoptosis when incubated with primary purified NK cells that had been stimulated with IL-2. Figure 3.Effects of STAT1 knockdown in hematopoietic tumor cell lines. K562, KM12BM and IM-9 were stably transduced with two independent shRNAs targeting STAT1 and two irrelevant shRNAs as control. (**A**) The level of total STAT1 expression was evaluated by flow cytometry and (**B**) western blot analysis. Controls and STAT1-KO cell lines were incubated with primary purified NK effector cells pre-stimulated with 100 Units/mL IL-2 at 1:1 E/T ratio as described in Methods. (**C**) Levels of IFNγ secretion in culture supernatants, (**D**) percent NK cells expressing CD107a/b and (**E**) Killing of STAT1-KO and control cell lines mediated by fresh purified NK. Bars represent the specific lysis of target cells (mean ± SEM) of four different experiments (**∗***p* \< 0.05, **∗∗***p* \< 0.01 compared to the isotype control with the highest reactivity).

Blocking IFNγ increases tumor susceptibility to NK cells {#s0002-0004}
--------------------------------------------------------

To confirm that IFNγ secreted by NK cells induced resistance in tumor cell targets, we tested the ability of anti-IFNγ antibody (D9D10)^[@cit0018]^ to block STAT1 phosphorylation in tumor cells incubated with activated NK supernatant. Different concentrations of D9D10 antibody ranging from 0.5 μg/mL to 5 μg/mL were tested to determine the efficacy and optimal concentration of D9D10 for blocking STAT1 phosphorylation. As shown in **Supplemental Figure 3A**, 2 μg/mL and 5 μg/mL D9D10 completely blocked STAT1 phosphorylation when compared with an anti-IgG1-isotype control. We then added D9D10 or IgG1-isotype control at these concentrations to co-cultures of tumor cells with purified NK cells and measured levels of IFNγ secretion. As shown in **Supplemental Figure 3B**, addition of 2 μg/mL or 5 μg/mL D9D10 blocking antibody completely neutralized IFNγ secreted by either NK-92 or primary NK cells. Similar conditions were then used to evaluate the effect of IFNγ-neutralizing antibody on specific tumor cell lysis. In independent experiments using U937, IM-9, KM12BM, MM1S and RPMI 8226 target cells, addition of 2 μg/mL or 5 μg/mL IFNγ-blocking antibody increased specific target lysis by 51.8%, 78.5%, 25.1%, 20.6%, 28.5% and 45.6%, 87.1%, 32.4%, 15.3%, 33.3% respectively compared to similar concentrations of an IgG1-isotype control. These differences were all statistically significant (**[Fig. 4A](#f0004){ref-type="fig"}**). Similar experiments were also performed using primary tumor cells. As shown in **[Figure 4B](#f0004){ref-type="fig"}**, primary MM, AML and ALL cells were significantly more susceptible to NK lysis when IFNγ, secreted by NK cells, was blocked by 2 μg/mL (*p* = 0.0030, *p* = 0.041 and *p* = 0.0036 respectively) or 5 μg/mL of D9D10 (*p* = 0.0042, *p* = 0.038 and *p* = 0.0020 respectively) compared with the same concentrations of an IgG1-isotype control. Figure 4.Effects of IFNγ-blocking antibody on tumor cell susceptibility to NK lysis. (**A**) Five hematopoietic tumor cell lines and (**B**) primary tumor cells were incubated with primary purified NK cells at 1:1 E/T ratio in the presence of an anti-IFNγ-blocking antibody (D9D10) or an isotype control. Bars represent the specific lysis of target cells (mean ± SEM) of four different experiments (**∗***p* \< 0.05, **∗∗***p*\< 0.01 compared to the isotype control with the highest reactivity).

Expression of inhibitory and activating ligands on tumor cells incubated with NK supernatant or IFNγ {#s0002-0005}
----------------------------------------------------------------------------------------------------

Tumor susceptibility to NK cell recognition is profoundly influenced by MHC class I expression as well as other inhibitory/activating ligands.^[@cit0019]^ IFNγ is known to modulate expression of immunomodulary molecules on tumor cells^[@cit0021]^ and we therefore examined whether stimulation of tumor cells with IFNγ-affected expression of ligands known to be involved in NK cell recognition. As shown in **Supplementary Figure 4**, we measured the effect of activated NK supernatant or IFNγ on the expression of MHC Class I, β2M, HLA-C, HLA-A2, NKG2D, NKP44, NKP46, NKP30 ligands, MICA/B, DNAM-1 ligands (CD112, CD155), 2B4 ligand (CD48), TRAIL ligands (TRAIL-R1, TRAIL-R2) and Fas ligand (CD95) in six tumor cell lines and primary MM, AML and ALL cells. The basal expression of these ligands varied among the various tumor cell lines and primary tumors but there was no significant change in expression after in vitro stimulation with activated NK supernatant or IFNγ. We also examined expression of PD-1 ligands (PD-L1, PD-L2) as well as B7H3 and B7H4. In contrast to other activating/inhibitory ligands, PD-L1 was significantly increased in every cell line and primary sample after incubation with NK supernatant or IFNγ (**[Fig. 5A and B](#f0005){ref-type="fig"}**). PD-L2 was increased in U937 and primary AML cells but there was no change in B7H3 or B7H4 expression after stimulation with activated NK supernatant or IFNγ. Increased expression of PD-L1 and PD-L2 was completely abrogated if a JAK inhibitor was added together with IFNγ or activated NK supernatant. Similar results were obtained using three STAT1-KO cell lines (K562, KM12BM and IM9). As shown in **[Figures 5C and D](#f0005){ref-type="fig"}**, IFNγ or NK supernatant induced PD-L1 expression in each cell line, but PD-L1 upregulation was blocked when STAT1 was silenced. Figure 5.Tumor cell expression of PD-L1 and PD-L2 after incubation with activated NK supernatant or IFNγ. (**A**) Expression of PD-L1 in a representative example of AML cells treated with NK supernatant (left panel) or IFNγ (right panel) and with the addition of JAK inhibitor. (**B**) Expression of PD-L1 in hematopoietic tumor cell lines and primary tumor cells and expression of PD-L2 in U937 and primary AML cells. Surface antigen expression (MFI) is compared in cells incubated with medium alone, NK supernatant or IFNγ with or without JAK inhibitor. (**C**) Expression of PD-L1 in K562 or K562-STAT1-KO cells treated with NK supernatant (left panel) or IFNγ (right panel). (**D**) Expression of PD-L1 in 3 STAT1-KO or sh-CTRL cell lines. PD-L1 expression (MFI) is compared in cells incubated with medium alone, NK-supernatant or IFNγ.

Blocking PD-L1 increases susceptibility to NK cell killing {#s0002-0006}
----------------------------------------------------------

The expression of PD-1 on T cells has been well characterized and PD-L1 is known to inhibit T cell immunity.^[@cit0024]^ The expression of PD-1 on NK was examined in samples from six healthy donors. Confirming results of previous studies, some level of PD-1 expression was detected on resting CD56^+^ NK cells in all donors^[@cit0028]^ and was increased after IL-2 activation while IFNγ had no effect on NK cell PD-1 expression (**Fig. S5**). To test whether increased PD-L1 expression on tumor target cells inhibits NK cell killing, we added 10 μg/mL anti-PD-L1 antibody to co-cultures of NK cells with various cell targets and measured tumor cell cytotoxicity. The anti-PD-L1 antibody we used was engineered to express a human IgG4 Fc domain to eliminate FcR-mediated effects and any ability to mediate ADCC. As shown in **[Figure 6A](#f0006){ref-type="fig"}**, blocking PD-L1 on U937, MM1S, KM12BM, RPMI, IM9, K562 primary AML, MM and ALL resulted in significantly increased lysis by purified NK cells in four out of six tumor cell lines (*p* = 0.037, *p* = 0.084, *p* = 0.033, *p* = 0.0058, *p* = 0.027, *p* = 0.063 respectively) and in the primary AML, MM and ALL targets (*p* = 0.024, *p* = 0.0098 and *p* = 0.027 respectively). These results were also confirmed using an NK cell line (NK-92). As shown in **[Figure 6B](#f0006){ref-type="fig"}**, NK-92 cell lysis of all of the tumor cell targets was significantly increased when PD-L1 was blocked. Target cell lysis was also measured when these tumor cell targets were treated with a JAK inhibitor or JAK inhibitor plus PD-L1 blocking antibody. As shown in **[Figures 6A and B](#f0006){ref-type="fig"}**, the JAK inhibitor also increased the level of tumor cell killing, and the extent of increased killing was generally similar to the level obtained with anti-PD-L1. However, the combination of JAK inhibitor and anti-PD-L1 did not further increase the level of tumor cell killing compared to either agent alone. Similarly, pre-incubation of K562, IM9 and U937 with IFNγ induced some level of resistance to NK cell activation or killing that was reversed by blocking PD-L1 (**Fig. S6**). Figure 6.Effect of blocking PD-L1 on NK cell lysis of tumor cells. Tumor cell lines and primary tumor cells were incubated with (**A**) primary purified NK cells or (**B**) NK-92 at 1:1 E/T ratio with or without 10 μg/mL PDL1 antibody, JAK inhibitor or JAK inhibitor + PD-L1 antibody. The percentage of AnnexinV/7AAD positive cells was calculated for gated target cells (NKG2A or CD56 negative). Bars represent specific percent target cell killing (mean ± SEM) obtained in three separate experiments (**∗***p* \< 0.05, **∗∗***p* \< 0.01 compared to target cells without PD-L1 antibody or JAK inhibitor treatment).

Discussion {#s0003}
==========

Previous studies demonstrated that reduced expression or inhibition of JAK1 or JAK2 signaling in tumor cell lines and primary leukemia cells rendered these cells more susceptible to lysis by NK cells. Silencing JAK3 or TYK2, the other members of the JAK family, had no effect. The present studies focused on the JAK1 and JAK2 signaling pathway to understand how it modulated tumor cell susceptibility to NK cell lysis. Our initial studies examined downstream signaling proteins, quantifying basal levels of phosphorylation of several STAT proteins as well as ERK and AKT by flow cytometry. In the absence of NK cells, silencing JAK1 or JAK2 or inhibition of JAK phosphorylation did not affect the constitutive activation of downstream STAT proteins, ERK or AKT in any cells we examined. These results were consistent with our previous studies showing that reduced expression of JAK1 or JAK2 did not affect tumor cell expression of activating/inhibitory NK cells ligands.

JAKs are associated with different cytokine receptors and JAK1 and JAK2 are known to be associated with the IFNγ receptor. IFNγ is one of the major cytokines secreted by NK cells and we therefore hypothesized that JAK1 and JAK2 would play a role in tumor cell resistance to NK cell activity after NK effector cells directly engage with targets and initiate NK cytokine secretion. This was examined by incubating tumor cells with NK supernatant and these experiments demonstrated rapid phosphorylation of STAT1~(pY701)~, without activation of other STATs, ERK or AKT. STAT1~(pY701)~ activation was blocked when JAK1 or JAK2 expression was reduced or functionally inhibited suggesting that the predominant cytokine present in the NK supernatant was IFNγ. In fact, similar results were observed when recombinant IFNγ was used instead of NK supernatant. The functional role of JAK1/JAK2 activation of STAT1 was confirmed when expression of STAT1 was reduced by stable transduction with two different STAT1-shRNAs. Tumor cells with reduced expression of STAT1 were more susceptible to NK cell activity, supporting the hypothesis that IFNγ, secreted by NK cells, played a major role in increasing resistance of tumor cells to NK lysis. This was confirmed by neutralization of IFNγ secreted by the NK cells with a specific antibody, which abrogated JAK1, JAK2 and STAT1 activation in tumor cell and increased the susceptibility of these cells to NK killing.

IFNγ is a pleotropic cytokine that has been reported to promote tumor immunity and tumor rejection in many models. In these models, IFNγ has anti-proliferative and pro-apoptotic functions and inhibits tumor angiogenesis.^[@cit0030]^ Several studies have shown the importance of IFNγ in the efficacy of tumor vaccines and IL-12 therapies and JAK1 or JAK2 deletion has been hypothesized to be a mechanism whereby some solid tumors can evade host-protective tumor responses.^[@cit0031]^ In clinical trials, IFNγ therapy has been associated with melanoma regression in some patients.^[@cit0033]^ Nevertheless, clinical trials in patients with melanoma using IFNγ alone or in combination with IFNα failed to show improved survival compared with other therapies.^[@cit0035]^ Consistent with its limited clinical efficacy, other studies have found that IFNγ was associated with a more aggressive tumor phenotype as well as resistance to immune surveillance.^[@cit0021]^ In other models, IFNγ promoted protection of lymphocytic choriomeningitis virus infected mouse embryonic fibroblasts from killing by activated NK cells.^[@cit0039]^ Although the mechanisms responsible for these conflicting results are not clear, these studies suggest that similar to other cytokines such as TGF-β, TNF and IL-2, IFNγ can promote either tumor immunity or tumor resistance in different settings.^[@cit0040]^ Consistent with these findings, previous studies have shown that IFN stimulation can induce up-regulation of PD-L1 in monocytes and other cell types.^[@cit0041]^

One effect of IFNγ is to enhance expression of MHC Class I, thus facilitating T cell recognition.^[@cit0038]^ MHC Class I molecules also interact with inhibitory receptors on NK cells and increased expression of MHC by tumor cells is one potential mechanism whereby IFNγ can reduce NK lysis. This was carefully examined in our experiments but the expression of MHC Class I, β2M, HLA-C and HLA-A was not altered in any of our cell lines or primary cells by incubation with activated NK-supernatant or IFNγ. These findings were not expected, but previous studies have shown that various tumors do not increase MHC Class I expression after exposure to IFNγ. Dunn et al. found that this lack of response could be due to genetic disruption in JAK1/STAT1 signaling, but other studies have found no correlation between IFNγ exposure and MHC Class I expression, especially in solid tumors.^[@cit0032]^ NK cell recognition is regulated through a complex balance of inhibitory/activating ligands and receptors expressed on the surface of both NK cells and target cells.^[@cit0001]^ This prompted us to individually examine expression of a large number of inhibitory/activating ligands after incubation of targets with activated NK supernatant or IFNγ, but this treatment did not alter expression of any of these known NK ligands.

In contrast, expression of PD-L1 was increased in every cell line and primary cell incubated with NK-supernatant or IFNγ.  PD-L2 expression was increased only in U937 cell line and primary AML cells but not in other tumors examined. Notably, increased PD-L1 expression was completely inhibited when tumor cells were pre-treated with a JAK inhibitor. The functional significance of PD-L1 expression was confirmed in experiments using a blocking PD-L1 antibody, which increased NK cell killing to an extent comparable to treatment with a JAK inhibitor. Treatment with a combination of JAK inhibitor and PD-L1-blocking antibody did not increase NK cell killing above levels observed with each agent alone suggesting that both agents mediated their effect through the same pathway.

PD-L1 and PD-L2 are ligands for PD-1, a CD28 family member that inhibits T cell activation and has been demonstrated to be an important mechanism that tumor cells use to escape T cell immunity.^[@cit0024]^ Our studies suggest that NK cell activation with subsequent secretion of IFNγ into the tumor microenvironment may contribute to the expression of these inhibitory ligands by tumor cells. Other molecules can also be involved in this pathway as recently shown by Chen et al., PD-L1 upregulation after IFNγ treatment could be modulated by PKD2 activation.^[@cit0046]^ Inhibition of the PD-1 pathway enhances T cell tumor immunity and clinical trials in several diseases using either anti-PD-L1 or anti-PD-1 antibodies have shown clinical efficacy.^[@cit0047]^ Although the role of PD-1 in the negative regulation of T cell immunity is well established, much less is known about PD-1/PD-L1 and NK reactivity. Benson et al. have previously demonstrated that anti-PD-1 enhances NK reactivity to myeloma cells, especially in combination with lenalidomide.^[@cit0028]^ Our studies suggest a much broader role for the PD-1/PD-L1 pathway as a negative regulator of NK cell antitumor activity as outlined in the model shown in **[Figure 7](#f0007){ref-type="fig"}**. In this model, NK cells are an important source of IFNγ in the tumor microenvironment. Tumor cells rapidly respond to IFNγ secreted by activated NK cells. IFNγ signaling in tumor cells increases expression of PD-L1, which suppresses NK cytolytic activity and further secretion of IFNγ (**[Fig. 7A](#f0007){ref-type="fig"}**). This negative regulatory feedback loop suppresses NK cytolytic activity and our studies identify JAK activation and PD-L1 expression as two points at which this pathway can be blocked, restoring NK-mediated tumor immunity (**[Fig. 7B](#f0007){ref-type="fig"}**). JAK inhibitors and anti-PD-L1 antibodies are currently available as clinical therapeutic reagents and the immunologic effects of these agents on NK may help explain some of the beneficial clinical activity of these agents. Future studies with PD-1 or PD-L1 antibodies may be designed to increase NK as well as T cell activity, further enhancing the level of tumor regression that has been observed in current clinical trials. Although JAK pathway inhibitors have not been employed as immunotherapeutic agents, our studies suggest that these agents may act synergistically with other therapies by eliminating IFNγ-induced PD-L1-mediated suppression of both T and NK cell activity. Figure 7.Hypothetical mechanism forIFNγ pathway modulation of tumor susceptibility to NK cells. (**A**) Upon engagement with target cells, NK cells secrete IFNγ, which in turn activates JAK1, JAK2 and STAT1 in tumor cells. This signal upregulates expression of PD-L1 on tumor cells resulting in increased resistance to NK cell killing. (**B**) Inhibition of JAK1 or JAK2 activation or IFNγ blocks upregulation of PD-L1 resulting in increased susceptibility of tumor cells to NK cell lysis.

Materials and Methods {#s0004}
=====================

Hematopoietic cell lines and primary tumor cells {#s0004-0001}
------------------------------------------------

Stable cell lines transduced with shRNAs targeting JAK1, JAK2 and STAT1 were previously described.^[@cit0007]^ Primary cells from patients with MM, AML and ALL contained at least 80% blasts or CD138^+^ cells. Patient samples were obtained under a protocol approved by the Institutional Review Board of the Dana-Farber/Harvard Cancer Center and informed consent was obtained from each patient. Mononuclear cells from patient bone marrow aspirates were purified by ficoll-hypaque and cryopreserved in 10% DMSO.

NK cell purification {#s0004-0002}
--------------------

Primary NK cells were purified from peripheral blood mononuclear cells (PBMCs) of healthy donors using MACS magnetic separation system and the NK cell isolation kit according to manufacturer\'s protocol (Miltenyi Biotec) and used after overnight incubation with 100 Units/mL IL-2. In all experiments, isolated CD56^+^CD3^−^ NK cells were stained with anti-CD56-PE (BD PharMingen) and anti-CD3-FITC (Beckman Coulter) antibodies and the purity of NK cells was greater than 95%.

Treatment of tumor cells with activated NK supernatant or IFNγ {#s0004-0003}
--------------------------------------------------------------

NK supernatant was generated by incubating NK-92, NKL^[@cit0049]^ or primary NK cells (1×10^5^ cells/well) with IM9, U266 and K562 separately (1×10^5^ cells/well) in 96 well plates for 12 h. NK supernatant was stored in aliquots at −80 C. Cell lines and primary tumor cells pre-treated with 40 nM JAK inhibitor 1 (Calbiochem) were incubated with undiluted NK supernatant or medium for 15 min, 4 h and 12 h and analyzed for STAT activation as described below. The use of this inhibitor at a concentration of 40 nM was based on previous experiments with tumor cell lines and primary tumor cells.^[@cit0007]^ JAK inhibitor 1 can also inhibit other members of the JAK family (JAK1, JAK2, JAK3, TYK2). In different experiments, cell lines or primary cells were pre-incubated with recombinant IFNγ (BD Biosciences) 10 Units/mL for the same times and analyzed for expression of phosphorylated STATs, AKT and ERK by flow cytometry.

Intracellular staining for pSTAT, pAKT and pERK {#s0004-0004}
-----------------------------------------------

Phosphorylation of STATs, AKT and ERK was analyzed by flow cytometry using APC-conjugated antibodies (Alexa, BD Phosflow). 1×10^6^ cells were fixed and permeabilized by incubation with formaldehyde for 10 min at RT, followed by incubation with methanol for 10 min on ice. After two washes with cold buffer, cells were incubated for 30 min at RT with anti-STAT1~(pY701)~, STAT1~(pS727)~, STAT3~(pY705)~, STAT3~(pS727)~, STAT4~(pY693)~, STAT5~(pY694)~, STAT6~(pY641)~, AKT~(pS473)~ and ERK1/2~(pT202/pY204)~-APC-conjugated. An APC-Alexa Fluor 647 IgG2a or IgG1-isotype control was used in every experiment. A minimum of 15,000-gated cells were acquired using a FACSCanto II (BD Biosciences) and data were analyzed using Flowjo software (Tree Star Inc.). In some experiments (**Fig. S7A and B**)^[@cit0046]^, expression of phosphorylated STAT protein was confirmed by western blot using rabbit anti-STAT1~(pY701)~, pSTAT3~(pS727)~, STAT5~(pY694)~, total STAT1, ERK1/2, β-actin (Cell Signaling Technology) followed by a secondary horseradish peroxidase-conjugated goat anti-rabbit antibody as previously described.^[@cit0007]^

Co-cultures with NK cells {#s0004-0005}
-------------------------

NK cell lysis of target cells was determined by flow cytometry after 12 h of co-incubation at 37°C. Cells were stained with AnnexinV-FITC/7AAD. An anti-NKG2A-PE (Beckman Coulter) or CD56-PE antibody was used to identify NK-92 or primary NK cells and the level of apoptosis was calculated for the NKG2A or CD56 negative cells. To detect NK activation, we measured IFNγ produced by NK cells using CBA-IFN-γ beads (BD Biosciences) according to manufacturer\'s instructions. To measure the level of NK cell degranulation, we incubated target cells and NK cells with CD107a/b-FITC (BD PharMingen), 1 h after Golgi stop was added to the culture. After a total of 4 h, cells were stained with CD56-PE-conjugated for 30 min and analyzed using the BD FACSCanto II. The percentage of CD107a/b positive cells was calculated for the CD56^+^ cell fraction. In all the experiments, NK cells were activated with 100 Units/mL of IL-2. Data were analyzed using Flowjo software.

Target cell expression of NK-activating/inhibitory ligands {#s0004-0006}
----------------------------------------------------------

Cells were pre-incubated with medium, activated NK-supernatant or IFNγ with or without JAK inhibitor for 12 h. Cells were then stained using anti-MHC Class I (clone W6/32), anti-HLA-A2 (clone BB7.2), anti-HLA-C (Santa Cruz Biotechnology), human NKp30-Fc, NKp44-Fc, NKp46-Fc, NKG2D-Fc, CD155 (R&D Systems) followed by RPE-conjugated goat anti-mouse-IgG, goat-anti-human-IgG or donkey-anti-goat-IgG (Jackson ImunoResearch). For direct staining, cells were incubated with PE-conjugated anti-TRAIL-R1, TRAIL-R2, CD95, CD112 or FITC-conjugated CD48 (Beckman Coulter) PE-conjugated anti-MICA/B (BD PharMingen), PE-conjugated PD-L1, PD-L2, B7H3 and B7H4 (BioLegend). Primary purified NK cells were also tested for PD-1 expression after 24 h incubation with medium, IL-2 (100 U/mL) or IFNγ (10 U/mL) using APC-conjugated anti-PD-1 antibody (clone EH12.2 H7) (BioLegend).

Functional blocking experiments {#s0004-0007}
-------------------------------

The anti-IFNγ antibody D9D10 (AbDSerotec) or IgG-irrelevant controls were used to block IFNγ in co-cultures of NK cells and tumor cells. After 12 h co-incubation with 2 μg/mL or 5 μg/mL of D9D10 or irrelevant-IgG, cells were stained with CD56-PE and AnnexinV-FITC/7AAD. Apoptotic cells were measured in the gated CD56 negative population. In all experiments, an aliquot of supernatant was analyzed using CBA-IFNγ beads to detect the level of IFNγ in the presence of D9D10 or control. For PD-L1 blocking experiments, we used a humanized anti-PD-L1 mAb with human IgG4 to eliminate FcR-mediated effects and S228P mutated to allow efficient dimerization (clone 29F.2A3).^[@cit0045]^ NK-92 or primary NK cells were incubated with cell lines or primary cells with or without 10 μg/mL anti-PD-L1 mAb for 12 h. 40 nM of JAK inhibitor 1 was also added to the culture and the level of killing was detected using AnnexinV-FITC/7AAD as described above. In some experiments, target cells were pre-treated with 10 Units/mL IFNγ and subsequently incubated with primary purified NK cells with or without anti-PD-L1 mAb. The level of tumor cell killing after incubation with NK cells was measured using CBA-IFNγ beads and AnnexinV/7AAD as described above.

Statistics {#s0004-0008}
----------

Statistical significance was determined using a Two-tailed Student\'s *t* test for all 2-sample comparisons and a *p*-value less than 0.05 was considered significant.
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